Introduction
The lamb lung undergoes marked anatomical, physiological, and morphological changes during development. The classic paper of Faure-Fremiet and Dragoiu (1) in 1923 illustrated many of these changes including the high glycogen content early in gestation and the increasing water and amino nitrogen content toward term. Now, tools such as the surface tension balance (2) and the electron microscope (3) have been applied to the study of the lung. In this study morphology, pres-sure-volume characteristics, and phospholipid composition in the same lambs at different gestational ages further elucidate lung developmental patterns. The upper lobes were studied separately from the middle and lower lobes of all animals since it is known that in the lamb between 120 and 130 days gestational age the upper portion of the lung is more mature functionally than the lower portion (4) . This fact of differential maturation provides an exceptional opportunity to correlate chemical, histologic, and functional changes.
Methods
Twenty-one pregnant ewes of mixed breed were anesthetized for cesarean section with approximately 10 mg per kg pentobarbital intravenously. Blood pressure was monitored through a carotid cannula with a pressure transducer and displayed on an oscilloscope; arterial pH and oxygen and carbon dioxide tensions were measured with standard electrodes. Infrequently, oxygen and assisted ventilation through an endotracheal tube were necessary to maintain blood gas values within normal limits in some oversedated ewes.
Twenty-seven lambs including six sets of twins were delivered; the head of each was covered immediately with a saline-filled condom to prevent air breathing. Care was taken not to compromise placental circulation until the lamb was sacrificed by clamping the cord.
Gestational ages were estimated by the data of Barcroft (5) . First the gestational age was estimated from the weight, then from the crown-rump length, and the average of the two was the assigned gestational age. The lambs ranged in fetal age from 60 to 140 days and were divided into three groups: immature (60 to 120 days), transitional (120 to 130 days), and near term (130 days to term).
The heart and lungs were carefully dissected from the chest in a block, and the right lung was used for pressure-volume studies. In sheep the right upper lobe bronchus arises directly from the trachea and thus permits individual pressure-volume studies on both upper and lower portions of the right lung. Nineteen of the 60 available lung specimens were technically satisfactory for pressure-volume studies. Inflation and deflation with air were carried out in increments of 5 cm of water, allowing 2 minutes at each pressure for volume equilibration. The deflation curves were plotted with volumes expressed as a per cent of that volume obtained at 40 cm water deflation pressure, since all lungs shared this pressure (6) .
Tissue samples of 2.5 g were finely minced with scissors in 50 ml 0.9% saline and agitated with a magnetic stirrer for 15 minutes. The resultant saline extract was filtered through lint-free gauze onto the Teflon trough of a modified Wilhelmy surface tension balance (7). The extract was aged for 30 minutes and then cycled for 3 hours at room temperature and in room air. Each cycle of 10 minutes' duration compressed the surface to 20% of the expanded area. The minimal surface tension was defined as the lowest value noted after 3 hours of cycling.
Representative samples of lung tissue were prepared for microscopy by fixation in 5% glutaraldehyde in Hank's balanced salt solution, pH 7.4, for 1 hour and then in 1% osmium tetroxide in Hank's balanced salt solution, pH 7.4, for 1 hour. The tissue was embedded in Epon 812, and 1-A sections were stained with toluidine blue for light microscopy. All tissues were sectioned with a Sorvall MT2 microtome. Electron micrographs were prepared on uncoated grids for an RCA 3G electron microscope. ' Tissue samples contiguous to those used for surface tension measurements were analyzed for dry weight, DNA, and phospholipid content. The specimens, obtained from both upper and lower lobes within a few minutes after the animal was sacrificed, were weighed on preweighed papers to the nearest 0.1 mg and placed in a constant temperature oven at 650 C. After 3 days they (12) . One-ml samples of chloroform-methanol extract (2: 1) were dried and spotted on 3.0-cm lanes with commercially available phospholipid standards. Paired samples on thin layer plates were developed in a solvent system of chloroform: methanol: acetic acid: water 100: 60: 16: 10 at room temperature. Seven areas were identified after exposure to iodine vapor: the origin, lysophosphatidyl choline, sphingomyelin, phosphatidyl choline, phosphatidyl serine, phosphatidyl ethanolamine, and the solvent front. No attempt was made to identify other compounds. Each spot was marked and scraped into a separate tube for phosphorus determination as described by Parker and Peterson (13) .
The phosphatidyl choline was further studied for its fatty acid composition. Phospholipids for fatty acid analysis were identified with rhodamine G rather than iodine vapor. The methylation of lung phosphatidyl choline fatty acids was performed in a 3% solution of concentrated sulfuric acid in methanol under nitrogen overnight at 650 C without eluting the phospholipid from the silica. Subsequently the methyl esters of the fatty acids were extracted three times with petroleum ether, dried under nitrogen, and stored at -100 C.
Lung phosphatidyl choline was further analyzed for fatty acid composition at the beta position. The phosphatidyl choline was eluted from silica with chloroformmethanol 2: 1 and taken to dryness under nitrogen. Crotalus adamanteus lyophilized venom,2 2.0 mg in 0.2 ml Tris buffer with calcium, pH 7.43 at 230 C, was added to each sample with 5.0 ml diethyl ether. The reaction was allowed to proceed 15 minutes at room temperature. The mixture was agitated and the diethyl ether supernatant removed and dried under nitrogen. After snake venom hydrolysis, lysophosphatidyl choline was the only phospholipid evident on thin layer chromatography. It was assumed that the free fatty acids were derived from the beta position (14, 15) . The free fatty acids from the 2 Ross Allen Reptile Institute, Silver Springs, Fla. beta position in the solvent front were methylated, extracted, dried, and stored as described above.
Fatty acid methyl esters were analyzed in a hydrogen flame gas-liquid chromatograph with a diethylene glycol succinate column. Commercial fatty acid methyl esters and corn oil methyl esters were used to identify the constituent fatty acids. Comparative quantification was carried out by triangulation of the fatty acid peaks. The total percent of saturated fatty acids (14: 0, 16: 0, and 18: 0) was determined for each sample for the whole and beta positions and the alpha position calculated from these values. Preliminary determinations of fatty acid patterns from lung phosphatidyl choline indicated that myristic, palmitic, palmitoleic, stearic, oleic, and linoleic acids were present in almost all samples and comprised 95% of the constituent fatty acids. Arachidonic acid (20: 4), found to constitute less than 5%o of the total, was not included in the calculation.
The calculation of either the maximal or minimal possible concentration of disaturated phosphatidyl choline can be made from these data. The values shown in Table I as the minimal concentration of disaturated phosphatidyl choline that must have been present are based on the reasoning that a molecule could have one saturated and one unsaturated fatty acid at either the alpha or beta position, or have two saturated or two unsaturated fatty acids. If the concentration of unsaturated fatty acids at either position is subtracted from the concentration of saturated fatty acids at the other position, the remaining concentration of saturated fatty acids must represent the minimal concentration of disaturated molecules. This value was multiplied by the concentration of total phospholipid and the per cent concentration of phosphatidyl choline to give the smallest possible amount of disaturated phosphatidyl choline that could be present ( Figure 11 ).
Results
Gestational ages, estimated from weights and crown-rump lengths with the data of Barcroft (5) , have the greatest degree of scatter beyond 130 days. This observation is pertinent to Figures  1, 4 , 10, and 11 in which gestational age is used as an abscissa. Since the 135-to 140-day animals were singletons, and Barcroft's measurements were on twins, our animals may be less mature than indicated.
Lung water content. Figure 1 Figure 9 is an electron photomicrograph of an upper lobe of the 128-day transitional animal whose light microscopy is shown in Figure 7 . Table II) . During the transitional period (120 to 130 days) the phospholipid content was higher in the upper lobes than in the lower lobes. In the newborn lambs, phospholipid values for both upper and lower lobes were similar and close to the values for the ewe lung. Phosphatidyl choline was the largest component of the five constituent phospholipids measured and ranged from 43% in the immature to 59%o in the newborn. No significant upper-lower lobe differences in the per cent of phosphatidyl choline were found. Since phosphatidyl choline was the only phospholipid that increased during gestation, the fatty acids of the whole molecule and the beta position were analyzed (Table I) .
The per cent saturation of fatty acids of the whole molecule showed a significant increase from the immature to the transitional lambs, and a simi- lar increase from the transitional to the near term animals, reflecting primarily the change in the beta position. Upper and lower lobe saturated fatty acid differences were not statistically significant. The minimal concentration of saturated fatty acids available to form disaturated molecules is represented for both upper and lower lobes and shows a 2.5-fold increase from immaturity to near term. The numbers of newborn and adults were too few to permit statistical comparison.
The calculated minimal concentration of disaturated phosphatidyl choline per milligram DNA is plotted against gestational age (Figure 11 ). Figure 12 . Seventeen of 20 specimens that contained a concentration of disaturated phosphatidyl choline greater than 0.170 mg per mg DNA had minimal surface tension values below 13 dynes (chi square, p < 0.001).
Discussion
The measurements on the upper and lower lobes of lambs' lungs of different gestational ages have permitted morphological, physiological, and biochemical comparisons. It is evident that with the structural maturation of the lung there is concurrent biochemical maturation. In this study using multiple measurements on the same lungs, the principal observation was the dramatic maturational change in the functional and biochemical indexes of the 120-to 130-day lamb lung, with the upper lobe maturation preceding the lower lobe. This change appears necessary for the development of the immature lung to the mature postnatal organ of gas exchange. Although it is not possible to assign cause and effect in these descriptive studies, the coincidence of the events supports the possibility that changes in the pressure-volume characteristics are related to the presence of the pulmonary surfactant, and it, in turn, has as an important constituent, disaturated phosphatidyl choline.
Lung water content. One of the well-known characteristics of developing tissues is a tendency to decrease their water content during maturation. The lung shares in this trend until about 100 days gestational age. Before that time it is a glandular organ with very little potential airspace. After 100 days, lung water content stabilizes until about 120 days, despite the increase in organ weight. Thereafter, unlike all other organs, the water content actually increases by about 5 %, coincident with the increase in the size and numbers of airways, which are fluid filled and presumably account for the increase in water (16, 17) . Faure-Fremiet and Dragoiu were the first to note the change in water content although their data toward term are inconclusive (1) . Our results differ from those of Orzalesi and co-workers (2) in the later time of increase in water content. The reasons for the difference are not clear.
The observation of a changing water content in the lung required that chemical determinations be expressed per gram dry weight or per milligram DNA. The constancy of 6.2 jung of DNA per nucleus in organs other than the liver has led other investigators to use this expression as an index of cell number (18) . The constancy of the DNA content per gram dry weight in the lungs of this study indicated that either measurement could be used as a reference value. However, the scatter in the data was least when plotted per milligram DNA.
Pressure-volume and surface tension studies. The static-elastic properties of the excised lung inflated with air are markedly different from those seen in saline inflation; this difference has been interpreted as a measure of the contribution of surface forces (19) . All of the lambs of less than 120 days were characterized by poor distensibility in the sense that they hold less air at 50 to 60 cm HO pressure, and indeed distensibility tended 870 0 OX to increase through gestation. Similar changes in distensibility with advancing gestation were previously reported by Born (1) . In the rat lung, too, the phospholipid content increases twofold between early fetal life and term (27) . The changing phospholipid content correlated well with pressure-volume and surface tension measurements. Since previous studies have indicated that a polar molecule with straight-chain fatty acids would be the best candidate to be the surfactant, and since the lung is known to contain large amounts of disaturated phosphatidyl choline, it seemed pertinent to direct studies in the lambs' lungs toward changes in saturated phospholipids (28) (29) (30) (31) (32) . The increase in their concentration correlated in time with the presence of more mature mechanical properties of the lung. The differences in disaturated phosphatidyl choline with advancing gestation were more marked than those in upper and lower lobes. Upperlower lobe differences may have been obscured by the analysis of whole lung extracts rather than a specific surface-active fraction.
The presence of disaturated phosphatidyl choline in the mature lung and the increase noted in this compound during the gestation of the lamb suggest the maturation of pathways for the synthesis of this specific phospholipid. The observation in this study that the increase in phosphatidyl choline saturated fatty acids occurs primarily at the beta position further suggests that a specific beta acylase may constitute a portion of this synthetic process. This may account for qualitative changes, apart from quantitative increases, since not all of the noted increase in phospholipid content can be accounted for by increases in disaturated phosphatidyl choline.
The differences in composition of the newborn and the adult sheep lung are striking. The (33) . At least, it is evident that the mature lung is relatively less cellular than the fetal lung.
In the fetal lamb the accumulation of disaturated phosphatidyl choline continues after pressure-volume characteristics and surface tension measurements appear normal. If this compound is assumed to be an essential component of the surfactant, it appears that there is a significantly larger reserve in the newborn at term than in the premature or the adult. This is in keeping with the continued increase in number of osmiophilic inclusion bodies beyond 115 days in the lamb, which further indicates that they may represent a reservoir for the surfactant.
